Bombyx mori ͉ enhanced locomotory response ͉ protein tyrosine phosphatase gene ͉ nucleopolyhedrovirus
nhanced locomotory behaviors, such as wandering, normally occur only during the end of the larval stage of holometabolous insects. Wandering behavior is characterized by enhanced locomotory activity (ELA) that may involve phototaxis, geotaxis, or kinesis (1) . This behavior helps the larval insect find a suitable location to metamorphose into an adult and may help to minimize predation and conserve of energy or other resources. Wandering is closely associated with changes in ecdysteroid and juvenile hormone levels, which may trigger this behavior (1) . ELA can also be induced in lepidopteran larvae by virus infection. One of the earliest references of this virusinduced behavior is from the late 19th century in Germany, where this behavior was known as Wipfelkrankheit (tree top disease) (2) . Baculovirus-induced ELA occurs during a late stage of infection and is characterized by the infected larvae moving to the upper plant foliage, where they are often found dead. The belief is that the virus induces this behavior so that, after death, the decaying cadaver will contaminate a larger surface area of the host plant resulting in increased dispersal and transmission of the virus (3) . The molecular mechanisms of this behavior are not understood.
The family Baculoviridae is composed of viruses with circular, double-stranded DNA genomes and rod-shaped, enveloped virions (4) . The coding capacity of the baculovirus genome is large, with most baculoviruses encoding well over 100 genes. Several hundred baculovirus species have been identified from Lepidoptera and classified into two genera: nucleopolyhedrovirus (NPV) and granulovirus. Baculoviruses produce two types of progeny during their life cycle, a budded virus for systemic infection of the host and an occluded virus that is spread horizontally in insect populations. The occluded virus, as the name suggests, is occluded within a geometric matrix of virusencoded protein called polyhedrin for NPVs and granulin for granuloviruses. In this study, the silkworm baculovirus Bombyx mori NPV (BmNPV) and its host, the silkworm B. mori Daizo, were used as a model system to study baculovirus-induced locomotory activity. The B. mori Daizo strain was used because its endogenous dispersal or locomotory activity is well characterized and found to be exceptionally low (5) . Initially, the timing and intensity of virus-induced ELA were determined by using the BmNPV-silkworm model system. Subsequently, individual gene knockout mutants of BmNPV were screened for their ability or inability to induce ELA. From these experiments, a BmNPV-encoded phosphatase gene was found to be involved in the induction of ELA. Finally, the ability of a silkworm-derived phosphatase gene to substitute for the BmNPV-encoded phosphate gene was tested. Our study provides the foundation for a better understanding of the molecular mechanisms of baculovirus-induced ELA.
Materials and Methods
Insect Cell Line and Larvae. The BmN cell line was maintained at 27°C in TC-100 medium supplemented with 10% FBS as described (6) . Larvae of the silkmoth B. mori Daizo (Matsumura) were reared on Silkmate Series M artificial diet (Nosan, Yokohama, Japan) at 27 Ϯ 1°C, at 40 Ϯ 10% relative humidity, and on a 12 h light͞12 h dark photoperiod as described (6) .
Viruses. The wild-type BmNPV T3 isolate (7), BmNPV protein tyrosine phosphatase (PTP) gene, ptp, knockout mutant (BmP T PD), BmP T PD repair virus (BmP T PD-R), and BmPTPD carrying Bmptp-h (BmPTPD-Bm) were propagated on BmN cells as described in ref. 6 . Plaque assays were used for the isolation of the BmPTPD, BmPTPD-R, and BmPTPD-Bm and to determine viral titers as described in ref. 6 . BmPTPD was generated by replacing nucleotides 124,424 (PmlI site) to 124,806 (AgeI site) of the BmNPV genome (8) with a lacZ marker cassette [lacZ gene under the heat-shock promoter hsp70 from Drosophila melanogaster (9, 10) ]. The deletion encompassed the first 125 of 168 amino acid residues of the deduced amino acid sequence of BmNPV ptp. The other BmNPV knockout mutants were generated in a similar manner as described in Table 1 and references therein. BmPTPD-R is a repair virus of BmPTPD in which the knockout of the ptp gene was repaired with wild type BmNPV-derived sequences. This repair allowed us to confirm that a mutation elsewhere in the genome was not involved in the observed phenotype of BmPTPD. BmPTPD-Bm was generated by replacing the lacZ marker cassette of BmPTPD with a ptp gene homologue, Bmptp-h, that was PCR-amplified from a cDNA (clone wdS20098, www.ab.a.u-tokyo.ac.jp͞silkbase) generated from mRNAs isolated from the wing discs of spinning stage, day 2, silkmoths (strain C108) (11) . The authenticity of each viral construct was confirmed by restriction endonuclease mapping, Southern hybridization, and͞or PCR analysis of the purified genomic DNAs. Polyhedra were produced in fifth-instar larvae and purified as described in ref. 12 . The oral infectivity of the viruses was determined by dosage-and time-mortality assays at 27°C with the aid of the POLO (13) and VISTAT (14) computer programs.
Locomotion Assay. Neonate (within 12 h of hatching) B. mori were orally inoculated by exposing them to a 380-mm 2 area of artificial diet that was surface-contaminated with a LC 99 of each virus in H 2 O as described in ref. 15 . The LC 99 values of BmNPV, BmPTPD, BmPTPD-R, and BmPTPD-Bm were determined to be 1,860, 7,420, 1,860, and 7,440 polyhedra per mm 2 , respectively. At least three, and in general four, replicates were performed for each time point. An experimental cohort consisted of 15-25 neonates. Time 0 was defined as the point at which the larvae were placed on the contaminated diet. After an 18-h exposure to the virus, the inoculated larvae were transferred to uncontaminated diet. At the appropriate time after infection, the infected larvae were acclimatized to light (four 20-W fluorescent lamps (Philips F20T12͞CW) at a 50-cm average distance) or complete darkness as appropriate for 15 min, then placed in the center of a rectangular grid (200 by 240 mm) with markings at 1-mm intervals. Photographs were taken with a digital camera after release and at 3-min intervals until 15 min after release. This time frame insured that the insects (except in rare instances) stayed within the confines of the grid. The coordinates of the larvae were then determined at each time point after release and the Simplest Diffusion Model (5) of random movement was used to calculate the diffusion coefficient
, where d is the distance traveled in millimeters at time t in minutes and n is the number of larvae. This model is based on four assumptions: (i) the environment is constant and homogeneous, (ii) all individuals are identical, (iii) all individuals move randomly, and (iv) all individuals move with constant intensity.
In similar experiments, fourth instar B. mori at 24-48 h after ecdysis (six larvae per cohort) were injected with a 5-l suspension of TC-100 culture medium containing 6 mg͞ml kanamycin and 750, 2,630, 1,550 or 2,670 plaque forming units of BmNPV, BmPTPD, BmPTPD-R, or BmPTPD-Bm, respectively (i.e., a LC 99 dose of each virus). Mock-infected insects were injected with TC-100 culture medium containing 6 mg͞ml kanamycin. At the appropriate time after infection, the infected larvae were acclimatized to light as described above and then placed in the center of a square grid (60 by 60 cm) with markings at 5-cm intervals. Photographs were taken after release and at 1-min intervals until 5 min after release. This time frame insured that the insects stayed within the confines of the grid. The diffusion coefficients were calculated as described above.
Phototropism Assay. Cohorts of 20 neonate B. mori were orally inoculated as described above. Four days after virus infection or mock infection, the larvae were acclimatized for 10 min to light as described above. The larvae were then placed inside of a light-protected box with a 5-by 28-cm opening at one side. The opening was at the same level as the larvae and 22 cm away from the larvae. The light source (a single 20-W Philips F20T12͞CW fluorescent lamp) was placed at 28 cm from the opening of the box. The total distance from the light source to the larvae at the start of the experiment was 50 cm. Phototropic activity was determined by measuring the average distance traveled by each insect either toward or away from the light source. The percentage of insects moving either toward or away from the light source was also determined.
Results and Discussion
To determine the onset, duration, and intensity of virus-induced ELA, neonate B. mori were orally inoculated with a dose of BmNPV polyhedra that resulted in 99% death (i.e., an LC 99 dose). This dose insured that the insects were uniformly infected but not overwhelmed with a toxic dose of virus. At this dose, the 90% survival time was 105.9 h (95% confidence limits of 99.3 h and 116.2 h). After inoculation at an LC 99 dose, the BmNPVinfected larvae showed early indications of ELA at 3.0 and 3.5 (Fig. 1 A and B) . A dramatic increase in ELA was observed at 3.75 days p.i. (D value of 54.4 mm 2 ͞min) (Fig. 1B) . The intensity of the BmNPV-induced ELA appeared to further increase at 4.0 ( Fig. 2A) (Fig. 1B) . At 5 days p.i., the few remaining larvae were near death and showed significantly reduced ELA (D value of 4.75 mm 2 ͞min). These findings indicated that the highest intensity of virus-induced ELA occurs Ϸ12-24 h before death and is significantly reduced during the last several hours before death. In contrast, mock-infected larvae showed essentially no movement at 1, 2, and 3 days after mock infection (Fig. 1 A) . By the fourth and fifth days after mock-infection, mock-infected larvae ecdysed to the second instar and showed a minor increase in movement (Fig. 1 A) . Larval ecdysis was not observed in Bm-NPV-infected insects putatively because of the inactivation of ecdysteroids (molting hormones) by the virus-encoded ecdysteroid UDP-glucosyl transferase gene product (16) .
To identify the gene or genes responsible for the BmNPVinduced ELA, gene knockout mutants of BmNPV were generated and screened for their ability to induce ELA. Knockout mutants of nearly half of the 136 putative genes of BmNPV were initially generated; however, many of these were genetically unstable or showed poor replication. In all, 27 knockout mutants (Table 1) acid sequence identity to ORF 1 of the baculovirus type species Autographa californica multicapsid NPV (18) , which encodes a protein termed BVP or BV-PTP that possesses RNA triphosphatase and diphosphatase activities (19, 20) . BVP has also been shown to dephosphorylate proteins containing either phosphotyrosine or phosphoserine͞phosphothreonine residues (21, 22) .
In sharp contrast to neonate B. mori infected with an LC 99 dose of the wild-type BmNPV, neonate B. mori that were orally inoculated with BmPTPD did not show ELA (Figs. 1 and 2B) . Increasing the dose of BmPTPD to twice the LC 99 dose had no effect on the induction of ELA (D ϭ 0.75 Ϯ 0.33 mm 2 ͞min at 4.0 days p.i.). To confirm that the lack of ELA was due solely to the loss of the ptp gene, BmPTPD-R was generated. Neonate B. mori that were inoculated with an LC 99 dose of BmPTPD-R (Fig. 2C ) generated diffusion coefficients (e.g., D ϭ 79.6 Ϯ 17.6 mm 2 ͞min at 4.0 days p.i.) that were indistinguishable to those generated by BmNPV-infected larvae. These results confirmed that the baculovirus-encoded ptp gene is involved in the induction of ELA.
Light can significantly affect the behavior of larval and adult insects. To assess the effect of light on ELA, the diffusion coefficients generated by virus-infected neonate B. mori were determined (at 4.0 days p.i.) after acclimation of the larvae to either lighted (uniform light from above) or dark conditions. When the same BmNPV-infected cohorts were acclimated to light, then dark, and then light again, D values of 86.8, 22.7, and 78.2 mm 2 ͞min, respectively, were generated (Fig. 3A) . By measuring the variance of distribution of these cohorts, we found that the intensities of the ELA over time were constant under both the lighted (r 2 ϭ 0.944-0.998) and dark (r 2 ϭ 0.989) conditions (Fig. 3B) . Furthermore, the intensities of the ELA were Ϸ3-fold higher under the lighted (slope ϭ 293.3-308.5) as opposed to the dark (slope ϭ 97.0) conditions (Fig. 3B) . Light had basically no effect on the ELA of larvae infected with BmPTPD. These findings indicated that light activates virus-induced ELA. To determine whether phototropism was associated with the lightactivated ELA, an assay in which the light source was placed to one side of the larvae was used. This assay, because of the nonhomogeneous light source, precluded the use of the Simplest Diffusion Model to quantify the intensity of the ELA. Thus, phototropism was quantified by determining the percentage of larvae that moved toward or away from the light source as well as the average distance that each larva moved either toward or away from the light source. This assay indicated that both virusand mock-infected insects show some positive phototropism (Fig. 4A) . However, the intensity of the positive phototropism was more than 2-fold higher in BmNPV-or BmPTPD-Rinfected larvae in comparison with larvae infected with BmPTPD (Fig. 4B) .
Recently, an EST database has been generated from various B. mori-derived tissues and cells (ref. 11 and T.S., unpublished data). This database contains Ͼ53,000 ESTs of which Ͼ13,000 are classified as nonredundant. Of the nonredundant ESTs, 44 different phosphatase sequence-containing ESTs were found. Of these 44 ESTs, the deduced amino acid sequence of only one clone (wdS20098) showed significant homology to ptp genes of baculoviral origin. Clone wdS20098 was generated from the wing discs of silkmoth larvae on the second day of the spinning stage (i.e., 2 days after the start of the natural wandering stage). This clone encoded a deduced protein of 212 amino acid residues that showed 48.2% identity (80.7% similarity) over 166 ungapped amino acid residues to BmNPV PTP (Fig. 5A) . To determine whether the ptp coding sequence (i.e., Bmptp-h) of clone wdS20098 could restore the ability of BmPTPD to induce ELA, Bmptp-h was PCR-amplified and cloned into the PmlI and AgeI sites that were used to knock out the authentic ptp gene. This construction generated BmPTPD-Bm, a BmNPV mutant in which the ptp gene of BmNPV was replaced with Bmptp-h in an identical promoter context as the authentic ptp gene. Neonate B. mori that were orally inoculated with BmPTPD-Bm polyhedra did not show ELA (Fig. 4B and data not shown) . However, when fourth-instar B. mori were inoculated (by injection) with BmPTPD-Bm, these larvae showed 24.5% of the ELA of wild-type BmNPV-injected larvae (Fig. 5B) . The ELA induced by BmPTP-Bm in fourth-instar B. mori was 4.6-fold higher than that induced by BmPTPD (Fig. 5B) . Differences in the levels of kinase activity or substrate availability between the neonate and fourth-instar larvae may explain why BmPTPD-Bm was able to only partially restore ELA in the fourth-instar larvae but not in neonates. The partial functional replacement, larval stage at which the Bmptp-h gene was isolated, and high homology between the PTPs of BmNPV and B. mori indicate that BmNPV may have acquired its ptp gene from an ancestral host.
At a very late stage of infection (i.e., 4.75 or 5.0 days p.i.), it appeared that the larvae cuticle was weakened or damaged. This damage often resulted in the release of hemolymph (insect blood) from the anus (e.g., damage to the midgut) and͞or prolegs. The weakened cuticle was putatively the result of a virus-encoded or virus-induced cysteine protease and͞or chitinase (23, 24) . The hemolymph that was lost by the virus-infected larvae was clearly visible as a ''trail'' in both neonates and fourth instars. Considering that a large number of polyhedra are found in the hemolymph at a late stage of infection, we speculate that contamination of plant surfaces during ELA results in the increased transmission of the virus.
It has long been known that parasitic infection can alter the behavior of an infected host. Our study shows that the baculovirus-encoded protein tyrosine phosphatase gene induces lightactivated ELA in lepidopteran larvae and suggests that this gene was obtained from an ancestral host. cGMP-dependent protein kinase genes such as egl-4 (25) , Amfor (26, 27) , and for (28) have also been shown to be involved in enhanced locomotory behaviors, such as roaming, foraging, and͞or positive phototropism, in invertebrates. Consistent with our findings, down-regulation of egl-4 (putatively resulting in lower relative levels of a phosphorylated product) in the nematode results in increased roaming behavior (25) . In contrast, up-regulation of Amfor and for result in ELA in the honey bee (26, 27) and fruit fly (28), respectively. Interestingly, orthologs of Amfor and for have recently been identified in the silkworm genome (29) . However, the apparent discrepancy in the functional role of Amfor and for in comparison to egl-4 (and our phosphatase) needs further investigation. The availability of sequence data of the silkworm genome (30, 31) as well as microarrays carrying silkworm (32) and baculovirus (33) cDNAs will allow us to identify the specific roles that phosphatase and kinase genes play in the induction of wandering and other ELAs. 
